Introduction
Muscle cell membranes of nematodes possess ion channel receptors that are opened by neurotransmitters and which are gated by selective therapeutic agents. This chapter is an introduction to the physiology and pharmacology of ligand-gated ion channels of nematode muscle.
Nematode parasites present a serious problem for most animals and for humans in developing countries. These parasites produce various symptoms including ill thrift, poor growth, diarrhoea and, in around 1% of cases, loss of life. The economic forces are such that new drugs for the treatment of nematode parasites have been developed first for animal use and only later for human use. A recent example is the development of the antibiotic anthelmintic, ivermectin, which was introduced first for the treatment of cattle nematode parasites and has subsequently been used to control 'river blindness', an eye condition seen in west Africa caused by larvae of Onchocerca volvulus.
There are two main mechanisms of action of important anti-nematode drugs.
β-tubulin molecules and prevent the formation of parasite microtubules.
Microtubules perform a number of vital functions: they are required for the transport of intracellular particles, and for absorption of nutrients by the intestinal cells of the nematode. The site of action of the benzimidazoles is the same as that of a drug colchicine, that stops cell division in metaphase, but the benzimidazole anthelmintics are selective for nematode β-tubulin. The therapeutic effect on the parasite takes 2-4 days to develop following administration of the drug. 2. Opening membrane ion channels. These are the ion-channel ligands, which bind to and selectively open ion channels of nematode muscle. Three types of ion channel are the sites of action of this group of anthelmintics:
(i) Nematode nicotinic acetylcholine channels are excitatory channels found on nematode neurons and muscle. The ion channels on muscle are the site of action of anthelmintics such as levamisole, pyrantel and oxantel.
(ii) Glutamate-gated Cl channels are inhibitory channels found on nematode nerve and pharyngeal muscle and are the site of action of the avermectin antibiotics, such as ivermectin and moxidectin.
(iii)GABA-gated Cl channels are inhibitory channels found on nematode somatic muscle and are the site of action of piperazine.
Because the second group of anthelmintics act on membrane ion channels and produce electrical changes, it is particularly valuable to study effects of these drugs using electrophysiological techniques. This chapter will provide an introductory review to the ion channel physiology and pharmacology of the nematode muscle and electrophysiological techniques used to examine the effects of the anthelmintics that affect ion channels.
Ligand-gated Ion Channels
All cell membranes contain transmembrane proteins that form ion channels. These ion channels are usually selectively permeable to particular ions. Some channels, such as GABA-gated ion channels, are permeable to Cl ions and are inhibitory in nature because they make the inside of the nerve or muscle cells more negative as the Cl ions enter. Some ion channels are permeable to the cations Na and K, and an example of this type is the nicotinic acetylcholine-gated channel. Nicotinic channels have an excitatory effect when they open because Na ions enter and K ions leave through these channels. The cell becomes more positive inside and depolarizes. If the cell is a muscle cell, calcium accumulates in the cytoplasm and it contracts. We have found that all over the surface of Ascaris muscle there are GABA receptors (Martin, 1980) as well as nicotinic acetylcholine channels (Martin, 1982; Robertson and Martin, 1993) . Figure 21 .1 is a schematic diagram of a ligand-gated transmembrane ion channel. The ion channel is shown to be larger than the thickness of the membrane and passes right through it. Two drug-selective binding sites have been found on the extracellular surface of the ion channel. In the case of the nematode nicotinic acetylcholine receptor, the drug-binding sites are available for binding by the anthelmintics levamisole and pyrantel. The unbound ion channel receptor remains closed but, as in Fig. 21 .1, the binding of two molecules of agonist can lead to a transient opening of the receptor and a short current pulse, about 1 pA in value, lasting for about 1 ms. The total current produced by the opening of many ion channels in the membrane leads to significant current flow across the membrane and a change in potential of the cell.
Sometimes the agonist molecule can also enter the pore of the ion channel to produce a transient and repeated block, known as a 'flickering block'. This happens with levamisole (Robertson and Martin, 1993) ; thus the anthelmintic is both an agonist and an antagonist of the receptor. There is another state of the ion channel known as the 'desensitized' state, which is usually produced by a high concentration of agonist and which occurs slowly with time after drug application. The desensitized state is a long-lasting closed state associated with a high concentration of drug.
The opening of masses of ion channels in nematode muscle membranes may be detected using the two-microelectrode voltage-clamp technique. In contrast, the opening of single ion channels may be recorded using the vesicle preparation and patch-clamp technique. These techniques are both described below.
The two-micropipette current-clamp technique for examining the massed responses of ion channels on Ascaris body muscle
Ion channels that open in response to the application of drugs will produce a change in the conductance of the cell membrane: the longer the individual ion channels are open, the greater will be the conductance of the membrane. This change in the conductance of the membrane, produced by anthelmintic drugs that open ion channels, has been detected in Ascaris body muscle (Martin, 1980) and in the Ascaris pharyngeal muscle (Martin, 1996) . Figure 21 .2 illustrates the use of the two-micropipette technique that is used to measure depolarization and conductance changes produced by levamisole application in Ascaris somatic muscle. The voltage electrode records the membrane potential and the voltage changes as current is injected through the current electrode. The levamisole is applied through a micro-catheter placed over the muscle cell body (bag) region of Ascaris somatic muscle cell with a time-and pressure-controlled system (PicoSpritzer). The changes in amplitude of the membrane potential and input conductance are used to monitor properties of the levamisole receptor ion channels. Figure 21 .3 illustrates a representative 15 mV depolarizing response to maintained application of levamisole. As levamisole is applied to the muscle membrane, it opens nematode-specific nicotinic ion channel receptors, the membrane potential changes and the resistance reduces. The advantage of the two-microelectrode current-clamp technique is that the muscle cells of Ascaris remain intact and the technique is relatively easy to set up to examine effects of pharmacological agents that open ion Fig. 21.1. (Opposite) Levamisole gated ion channel (a nematode nicotinic acetylcholine channel) and its opening as a result of the binding of two molecules of agonist. Two agonist molecules (A) (e.g. levamisole) combine sequentially with non-equivalent binding sites on the extracellular surface of the channel and permit the opening of the channel. When the channel opens for a brief period (a few milliseconds) a current pulse of a few picoamps flows in through the channel. A large inorganic cation (B) (including the anthelmintic levamisole) may enter but not pass through the channel pore and produces a 'flickering' channel block as it repeatedly binds and unbinds with a block site deep in the pore. The desensitized state is also shown as a closed non-conducting condition of the channel. Desensitization is produced in a time-dependent manner following the addition of 'high' agonist drug concentrations and is a long closed state. Fig. 21.2 . Two-microelectrode current-clamp technique used to observe, in single Ascaris body muscle cells in a body-flap preparation, the response to a controlled pulsed application of levamisole. One micropipette, to measure membrane potential, and another micropipette, to inject current, are inserted inside the area of the muscle cell known as the bag region. Levamisole is applied in a time-and pressure-controlled manner from a microcatheter placed over the bag region of the muscle. A second microcatheter is used to apply additional chemical agents (Martin, 1982) . channels. The technique is limited however, because it does not reveal kinetic information about the opening and closing of individual ion channels.
Muscle-vesicle for recording single-channel properties of levamisole receptors
The second technique has been developed to look at the properties of individual levamisole receptors at the single-channel level. This is the Ascaris muscle-vesicle preparation (Fig. 21.4) (Martin et al., 1990; Robertson and Martin, 1993) . We have adapted and use the 'cell-attached' patch and 'inside-out' patch recording technique for recording the properties of single levamisole receptor channels. 
Oesophagostomum dentatum as a Model Nematode for Anthelmintic Resistance
O. dentatum is the nodular intestinal nematode parasite of pigs. Adults are about 1 cm in length with separate males and females ( Fig. 21.6A ). Infection of pigs may be produced relatively easily by administration of 10,000 infective L3 by stomach tube. About 4 weeks later, mature adults are found in the large intestine. The parasite does not produce clinical symptoms and does not cause a welfare problem. Anthelmintic resistance to levamisole, pyrantel and ivermectin has been produced by sub-therapeutic treatments and collection of eggs from surviving parasites for subsequent infection and passaging into fresh pigs (Verady et al., 1997) . After ten generations, it has been possible to produce resistance to normal therapeutic doses of a specific drug, if the concentration of the drug is gradually increased from the sub-therapeutic levels with each passage. As a result we now have isolates of O. dentatum that are resistant to levamisole (LEVR), pyrantel (PYRR) and ivermectin (IVMR). We have investigated the properties of the nicotinic ion channel receptors on the muscle cells of this nematode in sensitive (SENS), levamisole-resistant (LEVR), and pyrantel-resistant (PYRR) isolates. (The term 'isolate' is used rather than 'clone' because each of the nematode parasites is produced sexually and not by clonal expansion.)
The female O. dentatum parasite is used because it is larger than the male and survives up to 14 days in culture after collection from the pig. The parasite is dissected under the binocular microscope, using a micro-scalpel to cut the worm longitudinally (Fig. 21.6B ). It is then gently pinned out and treated with collagenase for 10 min and incubated at 37°C to produce membrane vesicles from muscle cells (Fig. 21.6C ). These vesicles are devoid of any extracellular matrix covering the membrane and are suitable for patch-clamp studies. Fire-polished patch-pipettes applied to the vesicle surface, followed by suction, will produce the giga-seal resistance required for recording the activity of single channels with this technique. Single-channel currents may be recorded if levamisole is included in the patch-pipette (Figs 21.5 and 21.6C).
One test that was carried out when trying to compare levamisole receptor properties in SENS and LEVR isolates was to count the numbers of patches of recorded membranes that contained active channels. Figure  21 .7 shows the proportion of patches from SENS and LEVR isolates that contained active patches at different concentrations of levamisole. It was noticed that the proportion was similar at 10 µM but that there was a greater proportion of active channels in SENS at 30 µM. At 100 µM, although there was a reduction in the proportion of active channels with both isolates, the resistant isolate showed a greater relative decrease in the proportion of active patches. These observations were interpreted as indicating that desensitization was occurring as the concentration of levamisole was increased in the patch-pipette, and this desensitization explained the reduction in the proportion of membrane patches with active receptors at 100 µM levamisole. Thus, in the LEVR isolate, it appears that desensitization is enhanced compared with the SENS isolate. Whatever the explanation for the decrease, it is clear that at 30 µM (near the estimated therapeutic concentration) there are fewer active receptors in the resistant isolate.
The conductance of an individual receptor channel can be measured very precisely. The slope of the I/V plot is linear (Fig. 21.5 ), mean ± SE 34 pS ± 2 pS. A histogram was constructed of the conductance of the channels that were observed in the SENS and LEVR isolate (Fig. 21.8 ) and it was found that the channel conductances ranged between 18 pS and 50 pS. This range is much greater than can be explained by experimental error and suggests that there is levamisole receptor channel heterogeneity (receptor subtypes are present). It was found that there was no real difference between the average channel conductance in the SENS isolate (38 pS) and the average of the LEVR isolate (36 pS). 
Receptor Heterogeneity Variation in conductance
The distribution of the conductance histogram (Fig. 21 .8A) could not be described by a normal distribution and showed the presence of several peaks. The SENS conductance distribution was therefore fitted with the sum of four Gaussian distributions that had means of 21.4 ± 2.3 pS (8% area) labelled G25; 33.0 ± 4.8 pS (31% area) labelled G35; 38.1 ± 1.2 pS Gaussian curves were fitted to each distribution using the maximum likelihood procedure. The peaks for the SENS isolate were 21.4 ± 2.3 pS (8% area) labelled G25; 33.0 ± 4.8 pS (31% area) labelled G35; 38.1 ± 1.2 pS (19% area) labelled G40; and 44.3 ± 2.2 pS (42% area) labelled G45. The peaks for the LEVR isolate were 25.2 ± 4.5 pS (21% area) labelled G25; 41.2 ± 1.7 pS (49% area) labelled G40; and 46.7 ± 1.1 pS (30% area) labelled G45.
(19% area) labelled G40; and 44.3 ± 2.2 pS (42% area) labelled G45. The means for the LEVR isolate were: 25.2 ± 4.5 pS (21% area) labelled G25; 41.2 ± 1.7 pS (49% area) labelled G40; and 46.7 ± 1.1 pS (30% area) labelled G45. Interestingly, the G35 peak was missing from the LEVR isolate. Anthelmintic resistance may arise when there is selection pressure produced by the regular use of the anthelmintic; therefore, the sensitive individuals and their offspring will be eliminated and only the resistant individuals and their offspring will survive. This mechanism is an elimination process: there is no production of mutations giving rise to new variants or alleles. The different subtypes of levamisole receptor (receptor heterogeneity) were illustrated by the presence, in some patches, of channels with different conductances (Fig. 21.9 ). The different conductances were seen as channel currents opening to different levels producing different peaks in the scatter plots (Fig. 21.9A ) and current-amplitude histograms (Fig. 21.9B ). Again these observations were interpreted as indicating that heterogeneous receptor subtypes are present in individuals of the SENS and LEVR (Robertson et al., 1999) . The four peaks seen in the conductance histogram of Fig. 21 .9A may be interpreted as indicating the presence of four main channel types and this is represented schematically in Fig. 21 .10. The loss of the G35 subtype associated with the LEVR isolates is also illustrated. Figure 21 .11A illustrates representative vesicle-attached recordings from a sensitive isolate (SENS), a pyrantel-resistant isolate (PYRR) and a levamisole-resistant isolate (LEVR) produced by 30 µM levamisole. There are differences in mean P-open values of receptors between sensitive and resistant isolates that would produce, on average, a reduction in the effect of the anthelmintic. However, one of the puzzling, but very consistent, observations is that there is a big range in the P-open values observed in different patches under the same experimental conditions in the same isolate ( Fig. 21.11B ). For example, the P-open values of the sensitive isolate were observed to vary between 0.090 and 0.003 at −50 mV with 30 µM levamisole, a 30-fold difference between the biggest and the smallest P-open Fig. 21.10 . Schematic diagram of the presence of the four levamisole receptor subtypes present in O. dentatum in the SENS isolate. The four subtypes are shown to be present in one muscle cell but they may not all occur in the same muscle or animal. In the LEVR isolate three subtypes are shown as present, with the G35 missing. The G40 and G45 are shown as modified because the data on the probability of opening showed that they behaved in a significantly different manner to that of the G40 and G45 subgroups of the SENS isolates.
Variation in P-open
values (Fig. 21.11 
Differences between Sensitive and Resistant Isolates
It has already been pointed out that resistant isolates have on average fewer active channels per patch than the sensitive isolates. In addition, the average proportion of time that the levamisole receptors were open (P-open) in the LEVR isolates was significantly less than the proportion of time that the levamisole receptors were open in the SENS isolates ( Fig. 21.11 ). Thus, two factors can be identified that lead to a reduction in the current carried across the membrane by levamisole receptors in the resistant isolate when compared with the sensitive isolate. The factors are, again, a reduced density of active channels in LEVR isolates, and a reduced proportion of time that the active channels in the resistant isolate are open. These factors combine so that there is a tenfold reduction in the current carried across the membrane at 30 µM.
Possible Explanations for Receptor Heterogeneity
The distribution of levamisole receptor conductances from the SENS isolate in this study was skewed towards G45 and fitted by the sum of four Gaussian distributions, suggesting the presence of four main conductance subtypes of levamisole receptor that are referred to as G25, G35, G40 and G45. In addition to the variation in the conductance of the levamisole receptors a large variation was noted between the P-open values of individual Open circles represent individual receptor channels from different preparations at −50 mV with 30 µM levamisole as the agonist. Note that there is a wide spread of greater than tenfold difference between the maximum and minimum values observed for each of the isolates. There is overlap between values of the isolates but the mean (closed square) for SENS is greater than for LEVR and PYRR. The spread between maximum and minimum values suggests that regulation, perhaps by phosphorylation, is present.
receptors with the same conductance. There is both conductance heterogeneity and P-open heterogeneity. This variation may be explained by the presence of multiple alleles.
Multiple alleles
An allele is a sequence variant of a gene specifying a particular trait (Twyman, 1998) . Because each O. dentatum parasite is produced sexually, the genome will contain an allele from each parent encoding each receptor subunit protein. Therefore, the presence of the different peaks in the distribution of conductances of the levamisole receptors may be explained by the presence of different receptor subunit alleles encoding proteins of different amino acid structure. It is known that all species of parasitic nematode have high nucleotide diversity, with averages of 0.019-0.027 substitutions per nucleotide occurring between individuals from the same population (Blouin et al., 1995) . Consider that a 'wild-type' receptor subunit allele is the predominant allele in the population, generally conferring the greatest fitness and producing a fully functional gene product. If a mutation occurs, it may alter the gene product and confer a novel function upon the receptor subunit. This novel function may only be apparent in response to adverse environmental conditions, such as levamisole exposure. Selection pressure then dictates that the population frequency of this mutant allele increases. The number of receptor subunit alleles in the population that are phenotypically distinguishable from the 'wild-type' is not known. Techniques are currently available to detect such uncharacterized gene mutations. Single-strand conformational polymorphism (SSCP) analysis is one technique that has already been used successfully in O. dentatum for allele characterization (Gasser et al., 1998 ; see also Chapter 4). This technique takes advantage of differential electrophoretic mobility in short (200-500 bp) PCR fragments differing by single base mutations (Wallace, 1997) . If allelic variation is responsible for receptor heterogeneity, then such analysis may indicate associations of particular alleles with definitive conductance phenotypes. Indeed, further analysis of data will also indicate whether receptor subunit genes are sex-linked, i.e. are present on the sex chromosomes. In this case, there would be an association between the sex of the parasite and the conductance phenotypes. The functional basis of how allelic variation may lead to receptor heterogeneity is not known and the following possible explanations are not necessarily mutually exclusive.
Alleles encoding for stoichiometric changes in the receptor subunits Caenorhabditis elegans is a soil nematode that has been subjected to detailed genetic analysis. The possible structure of the nematode levamisole receptor, based on the pentameric structure of the nicotinic channel of the Torpedo electric organ (Devillers-Thiery et al., 1993) , is shown in Fig. 21 .12.
A number of genes encoding nAChR n subunits in C. elegans have been described but only three genes encoding nAChR n subunits are involved in levamisole resistance (Fleming et al., 1997) . The three genes are unc-38, unc-29 and lev-1; unc-38 encodes α-like subunits (which possess the vicinal cysteines) while unc-29 and lev-1 encode β-like subunits. The molecular structures of levamisole UNC-38 subunit homologues in the parasitic nematodes Trichostrongylus colubriformis and Haemonchus contortus (Hoekstra et al., 1997; Wiley et al., 1997) are about 90% identical to C. elegans, suggesting that information derived from the model nematode may be a useful guide for parasitic nematodes. An explanation for the presence of multiple receptor subtypes within an individual parasite (Martin et al., 1997) based on possible variations in the stoichiometry of the pentameric subunit composition of the nAChR ion channel in the parasite is shown in Fig.  21 .12. The three genes in O. dentatum analogous to C. elegans genes (Unc-38; lev-1 and Unc-29) (Fleming et al., 1997) may contribute one or more of the subunits of the pentameric levamisole nAChR ion channel (McGehee and Role, 1995; Changeaux et al., 1996) , each combination producing a discrete channel with distinctive properties. The distribution of channel conductances would then consist of a number of peaks, rather than a single peak, and could be skewed, depending upon the frequency of the subunit combinations. The different subunit combination values may also contribute to the differences in P-open.
Alleles encoding for structural changes in individual receptor subunits An altered amino acid structure of any of the individual receptor subunits may, without altering the stoichiometry of the whole receptor, give rise to receptors with different conductances and P-open values.
Alleles encoding for altered receptor phosphorylation sites Phosphorylation is the most important form of reversible modification of proteins available in animal systems (Tizard, 1996) . It involves the use of a high-energy compound (for example, ATP or GTP) to modify a protein, with phosphorylated and non-phosphorylated forms having different functional properties. Protein kinases enzymatically phosphorylate the amino acid residues serine, threonine and tyrosine. Phosphorylation of these three key amino acids plays a critical role in many cellular functions. The most comprehensively studied vertebrate nAChR is that of the Torpedo (Hopfield et al., 1988; Huganir and Miles, 1989; Changeaux et al., 1996) . The membrane of the Torpedo contains protein kinase activity, including cAMP-dependent kinase, a protein kinase C and a tyrosine kinase, all of which can phosphorylate the nicotinic receptor. The experiments have shown that cAMP-dependent phosphorylation markedly alters the channel opening in response to acetylcholine, and affects desensitization (the duration of long closed periods). Less information is available on the structure and function of nematode nicotinic receptors. Consensus regulatory phosphorylation sites for protein kinase C, protein kinase A and tyrosine kinase are also recognized in C. elegans (Fleming et al., 1997) (Fig. 21.12) . In Onchocerca volvulus, cDNA of a nAChR n subunit (Ajuh et al., 1994) has been used to identify consensus regulatory phosphorylation sites at four places: (i) three PKC sites; and (ii) one PKA site. Analogous phosphorylation sites are also present on nAChR n subunits of other parasitic nematodes (Hoekstra et al., 1997; Wiley et al., 1997) . Phosphorylation of the levamisole receptor protein, then, is one of the most effective means the parasite could have of being able to regulate and modulate the number and activity of the receptors. The presence of mutant alleles encoding alterations in receptor subunit phosphorylation sites provides another functional explanation for receptor heterogeneity in response to levamisole exposure. Phosphorylation is therefore likely to play a role in the development of anthelmintic resistance. Arevalo and Saz (1992) have demonstrated the presence of PKC activity in Ascaris suum muscle. The PKC activity was also shown to depend on calcium and 1,2 diacylglyceride and phospholipid. Allelic variation in protein kinases must also be included as a possible cause for regulation of receptor activity and, thus, receptor heterogeneity in response to levamisole exposure. However, protein kinases are ubiquitous in many cellular processes; mutations capable of providing altered receptor function to levamisole exposure may well reduce fitness in other cellular processes and hence should be removed from the population by selection pressure.
Working hypothesis
Our working hypothesis is that subunit stoichiometry or changes in the structure of individual receptor subunits give rise to the different conductance subtypes and that phosphorylation by the different kinase enzymes has major effects on the P-open values of the receptor. Should the hypothesis hold, then alterations in the phosphorylation state of the receptor by the different kinase enzymes may (as stated earlier) be important in the development of anthelmintic resistance.
Glutamate-gated Chloride Channels
Ivermectin is a macrocyclic lactone antibiotic anthelmintic produced by Streptomyces avermitilis. A series of cloning experiments using C. elegans as a source of RNA, and expression in Xenopus oocytes, has established that one site of action of avermectins is a group of inhibitory glutamate-gated Cl channels (Cully et al., 1996) . This group of inhibitory ion channels is believed to occur only in muscle and nerves of invertebrates such as nematodes, insects and crustacea but not in vertebrates. Expression cloning led to recognition of two C. elegans channel subunits, GluClα and GluClβ, that, when expressed together, produced functional ion channels (Cully et al., 1994) . Subsequently, PCR-based searches led to recognition of additional GluCl related subunits from C. elegans, GluClX and C27H5 (Cully et al., 1996) . Another GluCl subunit, avr-15, has been recognized from ivermectin resistant C. elegans mutants: avr-15 encodes two alternatively spliced channel subunits present in pharyngeal muscle (Dent et al., 1997) .
The GluCl subunits are each approximately 500 amino acids in length. It is assumed that five GluCl subunits come together, as do the subunits of the nAChRs, to produce a pentomeric GluCl ion channel. The stoichiometric arrangement has not yet been determined. It is known that GluClα and GluClβ subunits may form homomeric channels as well as heteromeric ion channels when expressed in Xenopus oocytes (Cully et al., 1994) , but the functions and locations of the native GluCl ion channels in nematodes remain to be determined.
Avermectin-sensitive sites in A. suum have been identified on pharyngeal muscle (Martin, 1996) using a two-micropipette current-clamp technique (Fig. 21.13A ). Glutamate and avermectins produce hyperpolarization and an increase in Cl conductance when either bath-applied or pressure-ejected on to the pharyngeal preparation (Fig. 21.13B,C) . These observations establish that one site of action of the avermectins is the pharyngeal muscle of nematodes and that the avermectins can inhibit feeding in nematodes.
Glutamate-activated Cl single-channel currents can be recorded from nematodes using a vesicle preparation made from the pharyngeal muscle (Addelsberger et al., 1997) . The channels (Fig. 21.14) have a conductance in the range 20-50 pS with mean open-times of 5-10 ms. The addition of ivermectin to the preparation dramatically increases the proportion of time that the ion channels are open (Fig. 21.14) . Although the single-channel studies are still at an early stage, it can be seen that ivermectin, like glutamate, opens these channels. Questions remain about the location of the receptors in nematodes, their function and the significance of the different genes coding for subunits of the Glu-Cl receptor. The selective action of the avermectins is believed to be due to the fact that vertebrate hosts do not possess the Glu-Cl channel and so are not susceptible to toxicity.
GABA-gated Chloride Channel Receptors
Ascaris somatic muscle cells also possess inhibitory synaptic and extrasynaptic GABA-gated Cl channels (Martin, 1980) . Activation of these receptors leads to hyperpolarization and relaxation of the body muscle cells. The receptors form part of the inhibitory GABAergic input that controls the excitability of nematode muscle. The anthelmintic piperazine acts as a GABA agonist and will hyperpolarize Ascaris muscle (Del Castillo et al., 1964) by increasing the Cl conductance of the muscle membrane. The increase in Cl conductance can be seen following bath application of the piperazine while recording the electrophysiological effect with the two-micropipette recording technique (Martin, 1982) . These experiments showed that piperazine is 10-100 times less potent than GABA. Under patch-clamp, the opening of single Cl channels by piperazine was found to produce the same conductance as the GABA channels (Fig. 21.15) . However, the openings were much briefer, around 18 ms mean open-time rather than 32 ms mean open-time. Piperazine also produces opening of the ion channels at a lower rate than GABA (Martin, 1982) . The explanation for the piperazine being less potent than GABA is that piperazine opens the channels for a shorter proportion of time. However, GABA is an ineffective anthelmintic, because it does not penetrate the cuticle of the nematode. Piperazine, Fig. 21 .14. Isolated inside-out patch from pharyngeal muscle with a patch potential of +50 mV and 800 µM glutamate present in the patch pipette shows the opening of two Glu-Cl channels. The addition of 1 µM ivermectin to the bath and thus to the inside of the patch produces (in the same patch) opening of up to three Glu-Cl channels simultaneously. Ivermectin increases the probability of opening of Glu-Cl channels already opening in the presence of glutamate.
because it is able to exist in an un-ionized form, is able to penetrate through the cuticle and reach its site of action on the muscle. Piperazine then acts to produce a flaccid paralysis of intestinal nematode parasites.
Concluding Remarks
This chapter has introduced the membrane ion channels and electrophysiological techniques that may be used for exploring the actions and properties of an important group of anthelmintics. It can be seen that these electrophysiological techniques can be used to explore the mechanisms of anthelmintic resistance. It is hoped that in the future new pharmacological approaches may be produced that can reverse the resistance, perhaps by interfering with the phosphorylation of the ion channels. 
